We demonstrate the strong coupling of direct transition excitons in tungsten disulfide (WS2) with collective plasmonic resonances at room temperature. We use open plasmonic cavities formed by periodic arrays of metallic nanoparticles. We show clear anticrossings with monolayer, bilayer and thicker multilayer WS2 on top of the nanoparticle array. The Rabi energy of such hybrid system varies from 50 to 110 meV from monolayer to sixteen layers, while it does not scale with the square root of the number of layers as expected for collective strong coupling. We prove that out-of-plane coupling components can be disregarded since the normal field is screened due to the high refractive index contrast of the dielectric layers. Even though the in-plane dipole moments of the excitons decrease beyond monolayers, the strong in-plane field distributed in the flake can still enhance the coupling strength with multilayers. However, the screened out-of-plane field leads to the saturation of the Rabi energy.
manipulating the dynamics and transport of excitons in 2D semiconductors and developing ultrafast valley/spintronic devices. after the indirect to direct band gap crossover in monolayers was established. [1] [2] [3] [4] [5] The remarkable optical response in such two-dimensional (2D) semiconductors originates from the strongly allowed excitonic resonances, displaying a large absorption coefficient in the visible and nearinfrared. 1, 6 The optically generated electron-hole pairs (excitons) in such 2D systems have exceptionally large binding energies (> 0.3 eV), 7 small Bohr radii (~ 1 nm), 8 and a new valley degree of freedom arising from the strong spin-orbit coupling and the absence of inversion symmetry of the monolayers. [9] [10] [11] These promising optoelectronic properties of excitons in 2D-TMDs provide an elegant platform to investigate strong light-matter interaction [12] [13] [14] [15] [16] as well as open possibilities for novel device architectures.
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The regime of strong coupling between light and excitons in semiconductors to form excitonpolaritons is reached when the energy exchange between the excitonic transitions and a resonant optical mode is faster than their dephasing rates. 17, 18 The spectral signature of strong coupling is the splitting of the absorption band of excitons into two new bands, corresponding to the upper and lower polaritonic states. The energy splitting of these states at resonance measures the coupling strength (i.e., the Rabi energy, Ω ) and it depends on the electromagnetic field per photon E of the optical mode, the transition dipole moment mof the exciton and √ , where N is the number of excitons within the volume of the optical mode (i.e., Ω = √ E•m). [17] [18] [19] Excitons in TMD monolayers with a large transition dipole moment have been demonstrated to couple strongly with different optical resonators, such as microcavities, 12, 13, 15, 20 photonic crystals, 21 and plasmonic systems. 14, 15, [22] [23] [24] [25] [26] [27] The hybridization of excitons in TMD monolayers with optical resonators plays an important role in fascinating phenomena, such as valleyselective chiral coupling, 22 thermally or electrically tuneable composition of the hybrid states, [23] [24] [25] and enhanced nonlinear optical susceptibility. 27 So far, most research has focused on the strong coupling of bright excitons in monolayers due to their well-known direct optical band gap and in-plane dipole moment. [12] [13] [14] [15] [20] [21] [22] [23] [24] [25] [26] [27] For multilayer TMDs, the orientation of the excitonic dipole moments is still an open question and the energetically indirect transitions shown in their emission spectra are reminiscent of the ultrafast dephasing rate of direct transition excitons.
Only two publications have recently reported strong coupling in different thickness of multilayer TMDs to plasmonic modes. 16, 28 In both publications the coupling to single metallic nanoparticles has been investigated, where the mode volume is in the nanometric scale and delocalized properties arising from strong coupling, such as enhanced exciton-polariton transport 29, 30 and long distance energy transfer, 31,32 cannot be achieved. Strong coupling of multilayer TMDs to extended plasmonic cavities is still an unexploited territory.
In this Letter, we demonstrate the strong coupling of excitons in WS2 from monolayers to sixteen layers with optical modes in extended open plasmonic cavities formed by periodic arrays of metallic nanoparticles. The nanoparticles support localized surface plasmon resonances (LSPRs), i.e., coherent oscillations of the free electrons in the nanoparticle driven by the electromagnetic field. LSPRs are interesting for optical control of excitons in close proximity of the nanoparticles because their small electromagnetic mode volume can lead to high coupling efficiencies. 16, 25, 28, 33, 34 However, inherent to this small mode volume are also high losses. 33, 35 Interestingly, periodic arrays of metallic nanoparticles support surface lattice resonances (SLRs), which are collective plasmonic resonances arising from the enhanced radiative coupling of LSPRs through diffracted orders in the plane of the array, also known as Rayleigh anomalies (RAs). [36] [37] [38] [39] [40] The quality factor of SLRs, which is inversely proportional to the loss, can be orders of magnitude larger than that of LSPRs. 36, 37, [40] [41] [42] [43] Consequently, from the dynamic point of view, SLRs increase the cycles of Rabi oscillations in the strongly coupled system before dephasing. In addition, the dispersive behavior of SLRs, mainly defined by the periodicity of the array and the polarizability of the constituent nanoparticles, provides an easy mechanism to observe the evidence of strong coupling, i.e., anti-crossing of lower and upper polariton bands. We used atomically thin layers of WS2 (Figure 1a ) to reach the strong coupling regime due to the sharp and intense absorption peak of their A excitons. 15, 20 To characterize the in-plane excitonic dipole moments, we have measured the normal incidence transmittance spectra through two WS2 flakes with a monolayer (abbreviated to 1L) and a multilayer 
normal incidence absorptance spectra (Figure 1c ) of each region were calculated by fitting the transmittance spectra using a multi-Lorentzian model and the transfer matrix method (TMM) ( Figures S4a and b) . 15, 44 As can be appreciated in Figure 1c and Figure S5a , the absorption peak around 613 nm of A excitons in the 1L is redshifted by 9 nm in 2L, 3L and 4L measured on the same flake. When the thickness of the flake is increased to 16L, the A exciton resonance is further shifted towards 629 nm, approaching the bulk value. In addition, the absorptance per layer at the A excitonic transition ( Figure S5b ) decreases by increasing the number of layers.
The linewidth (gA) of the ML is nearly constant at ~ 60 meV and broader than the linewidth of 1L ~ 25 meV. To evaluate the in-plane dipole moment mxy, the absorptance per layer ( ) is spectrally integrated for the A excitonic transition ( Figure S5a ). We have determined the evolution of mxy as a function of the number of layers based on the relationship mxy ∝ √ and using the value for 1L of mxy ~ 50 Debye (D) obtained from the literatures. 34, 45 The results ( Figure 1d ) reveal that the in-plane dipole moments gradually decrease to ~ 30 D for 16L, which we attribute to the increase of out-of-plane dipole moments when the interlayer coupling delocalizes excitons between planes. 16 Understanding the excitonic dipole components in WS2 will help us to elucidate the nature of the coupling with the electric field of the SLRs as addressed below.
The absorption peak of A excitons in the 1L and ML is known to arise from direct band gap transitions at the K and K' points of the associated first Brillouin zone (Figure 1a , inset).
1,2
From the photoluminescence (PL) spectra ( Figure S3d ), excitons generated at the K / K' in the ML are mostly thermally scattered into the energetically lower  valleys (K-). 46 The increased dephasing paths in ML homogeneously broaden the linewidth of A excitonic transitions in absorption and PL spectra. The energy diagrams in the exciton picture are shown in Figure 1b for the case of the 1L and the ML. Both 1L and ML can strongly couple with a resonant optical mode when their direct transitions exchange energy with this mode at a Rabi rate (ΩR) faster than the intravalley dephasing rate (g KK ) or valley scattering dephasing rate (gK- ) of the A excitons (i.e., ΩR > g KK , gK- ). A similar strong coupling mechanism has been proved in a pushpull molecular system with large Stoke shift emission. we exfoliated flakes on a flexible polydimethylsiloxane (PDMS) substrate (with a thickness of 100 mm) and we softly transferred them onto a particle array. The PDMS substrate was left as a dielectric superstrate coating for the particle array (see details in Methods). The final sample geometry is shown in Figure 2b . The regions without flake (0L) and with 1L and 16L of WS2
are indicated in Figure 2a by the green, white and orange curves, respectively. They show a significant change in color depending on whether the flake is on the fused silica substrate or on the particle array. The color change indicates that the optical resonances supported by the nanoparticle array can significantly modify the reflectivity of the atomically thin material. We should note that the color change on the particle array is not simply due to the thin air spacer between the substrate and the PDMS, since the flake still shows a similar color change after the superstrate of PDMS on top is peeled off ( Figure S2c ).
In order to obtain the dispersion of the coupled system, we have recorded angle-resolved white-light reflection spectra of sample I with a Fourier spectroscopy microscope. 15 The orientation of the plasmonic lattice is fixed by aligning its long axis vertical to the slit of the spectrometer. The direction of a polarizer parallel or perpendicular to the slit defines the p-(TM)
or s-(TE) polarization of the reflected light, respectively. The angular dispersion of SLRs along the (0, ±1) RAs of the bare particle array measured with p-polarized light is shown in Figure   3a . We plot the evolution of the spectra with varying angle of incidence = ( Figure 3b ). This unambiguous anti-crossing is also seen in the angular evolution of spectra shown in Figure 3e . The hybrid system can be approximately described with a two coupled harmonic oscillator model:
39,40,49 effective refractive index by just adding an atomic layer on top of the particle array highlights the strong interaction between the field around the particle array and the high background refractive index (n = 2.76, see Figure S4c ) of WS2. In addition, the linear response of neff in Figure 4b suggests that the interacting field amplitude in 0L and 4L can be considered as a constant. We continue the analysis with a comparison of the coupling strength between the SLRs and the excitons in WS2 flakes of different thicknesses. We summarize the key coupling parameters in Table 1 , including the resonant in-plane wave-vector k//, the corresponding SLRs, g   Ω and the evaluation of the strong coupling regime. Table 1 shows that the higher quality of 1L on sample II (with bare absorptance of 13% at = 2.023 eV, Figure S5a ) yields a slightly higher coupling strength compared to 1L on sample I. From the R in table 1, we can clearly see that the coupling strength is enhanced by increasing the number of layers from 1L to 16L. However, R as a function of √ (black dots in Figure 4c ) in the case of ML is significantly lower than the value expected from the formula of collective strong coupling R ∝ √ , 51 as noted by the dashed line in Figure 4c . This reveals that the scalar multiplication of E and m as a function of √ must decrease.
In order to claim strong coupling, we have to consider both the anti-crossing and the dynamics of the coupled system ruled by the competition between coherent Rabi-oscillations and various dephasing processes of the coupled system. The weak criterion of strong coupling is R 2 > (g    SLRs 2 )/2, namely, the splitting energy needs to be larger than the averaged damping rate of the bare oscillators in order to guarantee observation of two new peaks. 35 A stricter criterion is that the Rabi energy needs to overcome all the damping rates of the individual oscillators, i.e, R > g  SLRs. We evaluate both criterions and summarize them in the last two columns of Table 1 . The coupling between the nanoparticle arrays with 1L to 16L WS2 can reach the strong coupling regime under the weak criterion. For satisfying the strong criterion, we need to overcome the broad linewidth of SLRs for the case of 1L and enhance the coupling strength further for 2L.
To fully understand the coupling efficiency of SLRs with the 1L and the ML, we have simulated the anisotropic field enhancement distribution on a bare particle array and with a flake on the array using the finite-element method (details in Methods). The same parameters of the experimental geometry were used for the simulations, obtaining a similar bare SLR angular dispersion to the experiments (Figure 5a ). Note that the simulated dispersion of bare SLRs is plotted herein as a function of in-plane wave vector distributed in PDMS instead of air during the measurements. When the 1L WS2 is placed on the particle array (Figure 5b respectively. In these calculations we consider the background refractive index of WS2. Due to the typical Fano-type resonance of SLRs, we scan the angle of incidence around the SLR peaks to get the highest value of field intensity enhancement. The field distribution in the planes xz and yz through the center of the nanorod, and in the plane xy at a height z = 3 nm for 0L and z = 8 nm for 16L above the topmost surface of the particle array are shown in Figures 5c, d , and e, respectively. (Figure 5f ). For simplicity in this calculation, we have used the averaged field amplitude,| | ̅̅̅̅̅̅̅ , in a single lattice unit. We plot the estimated Rabi energy of ML as blue triangles in Figure 4c , finding a remarkable good agreement with the measurements. This result confirms that the Rabi energy in our system stems mostly from in-plane coupling and saturates around 16L. Consequently, the periodic nanoparticle array can essentially strongly couple with both 1L and ML.
Using R = √ E•m, we can give an estimate of the number of coupled excitons, N, in WS2 using the dipole moments of WS2 and the vacuum field amplitude = √ℏ ( ℇℇ ) ⁄ .
18,52
The mode volume (V) of delocalized SLRs can be defined by the in-plane coherent scattering length and the out-of-plane decay length of the field. We estimate the coherence length as ~ 1.7
mm from the group velocity of SLRs (vg ~ 0.08 c) at the resonant wave vector obtained from the dispersion and dephasing lifetime ( ~ 68 fs) obtained from the resonance linewidth. 53 Hence, supported by the particle array is estimated to ~ 3. platforms to enhance exciton transport, 29, 30 and to achieve long-distance energy transfer in 2D semiconductor devices.
31,32
METHODS
Sample fabrication. The silver particle array was fabricated onto a fused silica substrate by electron beam lithography and passivated with a 3 nm thick layer of Al2O3 deposited with atomic layer deposition at ~ 100 °C. High-quality atomically thin WS2 flakes were mechanically exfoliated from a synthetic single crystal (hq graphene), and the thicknesses of the flake samples were determined with white light microscope imaging, extinction, PL spectroscopy and atomic force microscopy (AFM). The WS2 flakes were exfoliated onto an optically transparent and flexible PDMS substrate. The flakes on the PDMS were aligned and softly deposited under a microscope onto the silver particle array by surface adhesion. The thickness of the 16 layers of WS2 was measured with AFM to be 9.9 ± 0.4 nm (Figures S1 and S2) .
Transmission, reflection and PL measurements. The transmittance spectra of the sample were measured using an optical microscope under normal incidence. The samples were aligned along the optical axis of the microscope and illuminated with quasi-collimated white light from a halogen lamp. The light transmitted by the samples was collected using a microscope objective lens (Nikon CFI S Plan Fluor ELWD 60x, NA = 0.7) and imaged by a spectrometer (Princeton Instruments SpectraPro 300i) and an electron-multiplying charge-coupled device camera (Princeton Instruments ProEM: 512). The extinction is recorded as 1-T, where T is the transmittance of the sample. The reflection and PL spectra of all the samples were measured using a microscope reflectometry setup equipped for optical Fourier analysis. The setup is described in detail elsewhere.
15,22
Angular dispersion of SLRs. The SLR dispersion curves extracted from the peaks of the reflection spectra of the bare particle array were fitted with a two coupled oscillator model, describing the interaction between the LSPRs of the individual particles and degenerate (0, ±1)
RA respectively. 39 The 
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Sample I
The WS2 flake is sandwiched between the soft adhesive PDMS superstrate and the nanoparticle array on the quartz substrate. Hence, peeling off the PDMS layer on top to measure the thickness of the flake could easily break it. In order to determine the thickness of sample I, we chose to use another WS2 flake, also sandwiched between PDMS and quartz, as a reference.
This flake shows similar optical contrast with the ML region of sample I under the inverted microscope. The average transmittance of two multilayer regions on the reference sample (ML1 and ML2, encompassed with green dotted curves in Figure S1a respectively. Accordingly, the thickness of the target ML sample is determined to be 9.9 ± 0.4 nm, which corresponds to 16 WS2 monolayers using the layer distance of 0.62 nm. 
Refractive index and absorption spectra of WS 2
In order to calculate the in-plane component of the dielectric permittivity, the transmission spectra of the WS2 (Figures S4a and b) are fitted using the transfer matrix method (TMM) and a multi-Lorentizan model:
where E, B  , fj, E0j and gj are respectively the photon energy, the non-resonant background dielectric permittivity, oscillator strength, resonance center energy, and the linewidth of the absorption band j. The absorptance (Figure 1c ) was determined using the TMM and considering Comparison of the reflection (a) and extinction spectra (b) of the particle array with different thickness of flake on top and measured at normal incidence.
Electric field enhancement factor
Figure S11 Averaged electric field amplitude enhancement factor of bare array (0L: black squares for the in-plane component, red dots for the out-of-plane component) and 16L on the array (green triangles for the in-plane component, blue triangles for the out-of-plane component) as a function of the height z above the array. The enhancement factor is calculated from z = 3 to 13 nm (with a ∆ = 0.5 nm), which corresponds to the thickness of the 16L WS 2 .
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